Introduction and Scientific Background
T raditionally, the augmentation of bony defects is carried out using allografts, xenografts, autogenous bone, and synthetic biomaterials. The transplantation of autogenous bone is regarded as the gold standard. Globally, there are more than 2 million autogenous bone transplantations in humans each year. 1, 2 Because of the osteoinductive and osteoconductive character 3 of autogenous bone, there are a number of good results obtained upon transplantation. However, there are disadvantages, namely:
1. In most cases, two surgical procedures are necessary:
one for bone harvesting (e.g., from the iliac crest) and the other for implantation. This can cause some patients to suffer from complications associated with the donor site. 2. At the site of bone transplantation, the risks of wound infection, necrosis, and resorption, representing up to 30% of transplanted material, have been experienced. 1, 2 The use of growth factors such as recombinant human bone morphogenetic protein (rhBMP) and differentiated stem cells has broken new ground in bone tissue engineering.
Since the first publication by Urist in 1965 regarding bone growth by induction, 4 there have been several thousand international publications on this strategy. For oral and maxillofacial surgery, Nevins et al., 5 Boyne et al., 6 Terheyden et al., 7 Barboza et al., 8 and Ripamonti et al. 9 have reported newly regenerated bone in animal models using growth factors. Nevins worked with goats, Boyne with Macaca fascicularis (rhesus) monkeys, Terheyden with miniature pigs, Barboza with dogs, and Ripamonti with chacma baboons. All these animal studies were carried out in the field of oral and maxillofacial surgery. Except Terheyden, who used rhBMP-7 (osteogenetic protein 1 (OP)-1, Stryker, Kalamazoo, MI), all other authors used rhBMP-2 (INFUSE, U.S.; InductOs, Europe; Wyeth, Madison, NJ). Boyne et al., 10 Cochran et al., 11 Wikesjö et al., 12 Fiorellini et al., 13 and Boyne et al.
14 published the first clinical studies of bone regeneration in humans with rhBMP-2 in dental applications. Jung et al.
15
(rhBMP-2) and Warnke et al. 16 (rhBMP-7) combined xenogenic deproteinized natural bone mineral (NBM) with BMPs for jawbone reconstruction in single cases. The other common material used is bovine collagen. OP-1 contains a mixture of rhBMP-7 powder and granulated absorbable collagen sponge (ACS). INFUSE=InductOs is provided as rhBMP-2 powder and a separate collagen sponge (ACS). Only
INFUSE=InductOs enables a complete splitting of both parts. ACS was not used because it is a xenogenic material that leads to immunological reactions in 18% of patients. 17 Moreover, ACS is not able to provide suitable structural support for the agglomeration of osteoblasts to reconstruct larger bony defects. 18 We have demonstrated the advantages of using rhBMP-2 in combination with other carrier materials and scaffolds instead of ACS. 18 Whereas Boyne 10,14 used 1.7 to 3.4 mg 10 or 12 to 24 mg (1.5 mg=mL) 14 rhBMP-2 in combination with ACS per sinus floor augmentation, we achieved comparable results by combining rhBMP-2 with demineralized bone matrix using 1.3 to 1.5 mg (1.5 mg=mL) rhBMP-2. The augmentation material should possess the following features.
1. Preferably, the material used as a scaffold ought to be of synthetic origin and completely biodegradable or resorbable, with interconnected pores large enough for nutrient and waste product transport and microarchitecture that facilitates the adhesion of cells and proteins. It also needs to be load-bearing (with low stability of the surrounding bone) and durable to avoid premature failure during the tissue remodeling phase. 2. In addition, endogenous components such as plateletrich plasma (PRP) and stem cells need to be incorporated to perform the function beyond tissue regeneration to tissue remodelling. This includes constant receipt of cellular components and the possibility of nutrition through vascularization of these cellular components, aiming at a constant effect on bone regeneration.
Hutmacher 19 and Zein 20 have presented a suitable threedimensional (3D) polycaprolactone (PCL) scaffold that can be used for augmentation purposes. These scaffolds have been tested as delivery systems for PRP 21 and for rhBMP-2.
22, 23 Wiltfang et al., 24 Choi et al., 25 Fennis et al., 26 Okuda et al., 27 Marx et al. , 8 and Freymiller et al. 29 have previously reported the positive effect of PRP on bone regeneration. Wiltfang demonstrated a significant effect on bone regeneration in mini-pigs using a combination of PRP, tricalcium phosphate (TCP), and autogenous bone. Choi demonstrated the advantage of PRP on bone regeneration in combination with autogenous bone grafts over autogenous bone alone in a canine model. Fennis compared autogenous irradiated cortical scaffolds with PRP and autogenous bone graft from the iliac crest of goats versus the original bone alone in bridging the defect. All goats had undergone bone remodeling. Okuda presented a comparative controlled clinical study in humans using PRP combined with porous hydroxyapatite grafts for the treatment of intrabony periodontal defects. He compared these results with a control group without PRP. His results showed significantly better clinical improvement in the test group than in the control group. Marx pointed out the relevance of platelet-derived growth factors (PDGFaa, PDGF=3=3, PDGFaB) and transforming growth factors (TGF-al and TGF32) for bone regeneration. Freymiller presented an overview of different scientific papers. Because of the different conditions of these studies, he pointed out that the results could not be compared. Basically, the use of PRP in bone regeneration has improved the results in bone surgery. Comparing studies will be necessary in the future to strengthen the results of the reporting authors. In a clinical study in dogs, Rai et al. 30 have regenerated critical-sized defects of the mandible with PCL and 20% TCP scaffolds in combination with PRP. The bone regenerated with PCL þ TCP scaffolds and PRP was of a higher quality and density than the bone regenerated without PRP. Teoh 31 and his clinical team demonstrated the first application of the 3D fused deposition modelled PCL scaffold combined with medical imaging and with osteoblast cells, leading to a reasonably successful regeneration of a large craniofacial bony defect in a human being. In this article, we report the first successful clinical case of the reconstruction of the anterior mandible on an osteoporotic patient using the 3D PCL scaffold in combination with PRP and rhBMP.
Materials and Methods
Periimplantitis caused by bacterial infection often leads to bone loss around dental implants. Subject to favorable conditions, with the use of antibiotics, photodynamic therapy, 
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and modern bone regeneration, healing is possible, leaving the implants in situ. 32 Advanced infections and large bony defects require implant removal under antibiotic prophylaxis before reconstructing the defects. The case of a 71-year-old female patient showed two dental implants in the anterior mandible. The region had a profound periimplantitis with considerable bony defect. After a bacterial infection, treatment with an antibiotic (amoxicillin 3Â1000 mg=day over 2 weeks) was administered, and the titanium implants were removed (Fig. 1) . Using PRP, the bony defect was closed. This procedure was performed under local anesthesia, analgosedation, and close monitoring. After this first intervention, the wound healing was complication-free.
A PCL scaffold was custom manufactured for this defect after optical and radiological measurements (Fig. 2) . Osteopore International Pte Ltd. Singapore produced and designed the PCL scaffold, which had a porosity of 75%, under current good manufacturing practices in a clean room in compliance with International Standards Organization 13485.
The scaffold was fabricated in a pyramidal shape in the center of a broad-base mesh. The latter was designed for ease of tissue anchoring and minimizes any micromotion. Under antibiotic treatment, the scaffold, loaded with PRP and rhBMP-2 (InductOs, Wyeth, 1.2 mg), was implanted in a second operation (Fig. 3) . The pyramidal scaffold was inserted upside down into the bony defect and fixed by the base mesh, which was designed to hold the scaffold in position and prevent any micromotion. The 3D PCL scaffold was ideally suited for the defect. This procedure was also performed under local anesthesia and analgosedation and monitored accordingly.
Results
One week after implantation of the 3D-PCL scaffold with PRP and rhBMP-2, complication-free wound healing permitted removal of the sutures, and the patient was able to wear her dentures again. Controls were made at intervals of 
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2 to 3 weeks. Compared with the preoperative situation (Fig.  4) , the first X-ray, taken 4 months after augmentation ( Fig. 5 ) (Siemens Heliodent, 70 KV, 7 mA, 0.16 s), already showed clear growth of bone in the operating field. In contrast to the preoperatively taken computed tomography (CT; X vision 130 KV=400 mAs) (Fig. 6) showing a large bony defect in the anterior mandible, the 6-month postoperative control CT (Fig. 7) shows a dense bone structure in the area of the former defect. In Table 1 , a grey-value histogram displays the increase in bone density. Average grey values of the local bone have been compared with average values of the augmentation area preoperatively (Fig. 6 ) and 6 months postoperatively (Fig. 7) . The obvious increase shows the de novo-grown bone. In a third surgical procedure, two new dental implants were placed into the newly grown bone to enable a tightfitting mandibular denture; a radiological control was made (Fig. 8 ) (Siemens Orthopantomograph, 70 KV, 15 mA). Two bone biopsies of the augmented area were taken using a trephine drill (Ø 2.5 mm) before setting the implants in the same place. Histological analyses were made on a part of each specimen (Fig. 9, 10) . The other parts were used for micro-CT analysis (Fig. 11) . From the bordering local bone, a small bone ridge had to be removed to avoid injury of soft tissue by the integrated denture that was later implanted. The bone biopsies were taken for histological analysis (Fig.  12) . All histological analyses, of the local bone as well as of the newly grown bone, showed vital laminar bone. As with Wellmann, 33 we preferred micro-CT for analysis of bone density classification instead of procedures like dual-energy X-ray absorptiometry, quantitative CT, or ultrasound. In contrast to all other methods, micro-CT also displays the micro-architecture of the new grown bone.
The bone densities of the micro-CTs of the augmentation area are presented in Table 2 . The micro-CT was performed using the Skycan 1076.
Three months after having set the implants, the gingiva above was removed, and a bar construction to stabilize a denture was prepared and screwed in (Fig. 13) .
Discussion
Since the first publication by Urist in 1965 4 on bone induction via growth factors, a number of animal models and clinical studies on bone regeneration with BMPs have been performed. From 2002 onward, rhBMP-2 and rhBMP-7 have been available as therapeutics for use in humans. In both cases, bovine collagen (ACS) served as the carrier material, but bovine collagen is a xenogenic material that may cause adverse immune reactions and has poor mechanical stability. Thus, ACS was not used in this case. 17 Combining PCL, PRP, and rhBMP-2, a controlled release of growth factors is possible. [21] [22] [23] To the authors' best   FIG. 7 . Six-month postoperative computed tomography: former bony defect reconstructed with de novo grown bone.
FIG. 8.
Orthopantographic: two dental implants in situ. knowledge, this single case is the first that has been done successfully to regenerate new bone in a critical defect of the mandible adopting the strategy of a load-bearing 3D PCL scaffold with PRP and rhBMP-2. The harvesting of autogenous bone and its transplantation, so far the only safe alternative, was thereby avoided. Based on these results and the effects of combination of the 3D PCL with mesenchymal stem cells, 31 it is clearly indicative of a real alternative to autogenous bone transplantation, especially for patients with absolute or relative contraindication for bone removal. This must be considered particularly with regard to the wellknown problems at the donor region and for the recipient organism as well. Springer et al. and Macacci et al. have published similar positive results as to the combination of scaffolds and periosteal 3 and stem cells, 34 respectively. Considering bone density in Table 1 , the different development of both samples requires an explanation. Because the total degradation time of PCL takes longer than 6 months, the rest of the undegraded PCL could have remained upon bone biopsy. Shorter biodegradability of the scaffold would be desirable. It should be optimally adapted to the new bone development and be completed after 3 to 4 months. Springer et al. reports on xenogene NBM retarding complete absorption. In places, the material had not decomposed at all. The use of porous hydroxyapatite ceramic scaffolds by Marcacci et al. radiologically shows part of the scaffold after several years. For scaffolds to be used in the future, it must be required that they biodegrade upon bone regeneration and will not persist on de novo-grown bone any longer than necessary.
It must be considered that there are different results in human and animal bone regeneration, depending on the time of bone regeneration and the time of biodegradation or resorption of different materials. Under clinical view, the periods are longer in humans than in animal models (e.g., canines, dogs, goats). There are also important intra-and inter-individual differences in patients due to their individual clinical situation. Further studies are required for clarification.
Significant comparative studies on the use of rhBMP-2 versus rhBMP-7 with the same indication are missing. Studies on bone regeneration comparing the use of mesenchymal stem cells with BMPs are missing as well. Schmelzeisen et al. 35 and Warncke et al. have invented other techniques. 16 Schmelzeisen has developed a method of growing human bone in vitro for subsequent implantation in humans. Warncke has grown bone ectopically in musculature for transplantation into the mandible. These techniques require newly grown bone to be transplanted to the recipient site. Due to this fact, problems similar to the transplantation of autogenous bone may occur because of infection, necrosis, and resorption. As demonstrated in this single case and as presented analogically by Springer et al. 3 and Marcacci et al., 34 bone regeneration in vivo avoids completely transplantation and the accompanying risks, although this technique requires implantation in an abacterial region. Moreover, the constitution of the soft tissue as epithelium must be able to allow primary wound healing. Bone regeneration in vivo will have the best results when no wound infection occurs.
Regarding different scaffolds in combination with growth factors and=or stem cells, further research will be necessary to define the results of bone healing. Further clinical studies are necessary to develop bone regeneration in vivo with different scaffolds in combination with growth factors and=or stem cells.
